Abstract-A Direct-Current (DC) electron source test-stand to explore field-emission from various cathodes has been designed. The design also includes a provision to allow for laser-triggered field emission using a femtosecond laser source. The gun is instrumented to measure the beam transverse distribution, the transverse emittance, and I−V characteristic curves. The electrostatic design of the gun and multi-particle simulations of the beamline are presented and planned experiment discussed.
I. INTRODUCTION
Field emission − the macroscopic manifestation of quantum tunneling − is a promising electron-emission mechanism which has been widely used in vacuum electronics and display technologies. The emission occurs as a strong electric field O(GV/m) is applied at the surface of a material. The theory of the field emission is well established [1, 2] and the current density at the emitter surface is given by the FowlerNordheim's (F-N) law [1] .
A single-tip field-emitter (FE) cathode emits electrons at a sharp tip edge with nanoscale curvature and generates beams with corresponding small beam size as well as low transverse emittances [3] . Furthermore, a field-emissionarray (FEA) cathode − FEs arranged as large arrays − produces higher average currents [4] at the expense of larger emittance. The electron sources with the FE cathodes can be anticipated to provide extremely high brightness corresponding to the quantum-limited emittance ε q ≡ Nλ 3 c /2, where N is the number of electrons andλ c is the Compton wavelength. Additionally, an array of regularly-organized tips provides a source of transversely-segmented electron beamlets which could be subsequently manipulated for advanced applications [5, 6] .
The Direct-Current (DC) gun test-stand discussed in this paper was designed as a versatile system to ultimately support the investigation of low-emittance beams from FE cathodes. In its first step, it will be used to characterize the emittance and investigate simple beam manipulations associated with beams from FEA cathodes (either in the high-current or patterned beams). One of the main differences among the various This work was supported by the US Department of Energy (DOE) contract # DE-SC0018367, and the National Science Foundation (NSF) Grant # PHY-1535401 to Northern Illinois University.
applications is the DC extraction-electrode system. While the formation of an ultra-cold beam from a single emitter will most likely employ a micro-fabricated extraction anode or one that follows an approach similar to Ref. [7] . The beam generation from an FEA will require a different design.
II. OVERVIEW
The DC gun test-stand under construction is diagrammed in Fig. 1 . In brief, an FE (or FEA) cathode is grounded and located in close proximity to an anode at a high-voltage (HV). After extraction, the field-emitted beam is accelerated to up to 25 keV. The purpose of this DC gun test-stand is to experimentally characterize various FE cathodes in a DC gap, where a high electrostatic field is applied. The current is measured between the cathode and ground. The beamline also incorporates a set of printed-circuit-board quadrupole magnets [8] . The latter quadrupole magnets will be used to image the beam and check some of the beam-matching conditions derived in Ref. [6] while also enabling the transverse-emittance measurement using the quadrupole-scan method. Ultimately, the system will support the investigation and characterization (I−V curve, emittance, lifetime) of an array of silicon-based FE cathodes (e.g. with different emitters geometry, material, and doping concentration, vacuum level, etc). 
III. EXTRACTION ELECTRODES
The extraction-electrode geometry was simulated with WARP [9] . One of the main challenges regards the use of Silicon-based FE cathodes (which are fabricated on a flat 978-1-5386-7721-6/18/$31.00 ©2018 IEEE silicon wafer) together with the need to "shield" the cathodewafer irregular cut prevent us from using a Pierce-cathode geometry. Therefore only the anode-assembly was shaped. An optimized geometry appears in Fig. 2 . In our configuration, the cathode is grounded so that a picoammeter measures the current at zero potential. The anodes are subjected to a high voltage of up to +5 and +30 kV. The cathode is mounted on a linear motion stage to vary the cathode-anode gap; see Fig. 3 . The cathode plug is electrically isolated from the stage using an insulating Techtron® frame. The anode-electrode assembly is mounted on another manually-controllable linear stage that enables its vertical alignment under vacuum (the system is horizontally aligned during the installation). The performance of the proposed setup was optimized via numerical simulation in WARP using the cylindrical-symmetric electrostatic solver. Fig. 2(a) shows the computational r − z domain. The domain extends over r×z = 1.8×6.5 mm 2 and is discretized with a 129×258 uniform grid. The axial boundaries are a grounded conducting plate (at z = 0) including a cathode with radius 200 µm and a screen (at z = 7 mm) subjected to the same potential as the focusing electrode V f . The anode is set to a potential V e . The anode and focusing electrode aperture radii are respectively 200 µm and 300 µm and both have a Pierce angle of 59
• . The electrostatic simulations presented in Fig. 2(a) correspond to the case V e = 5 kV and V f = 25 kV.
An apertured anode generates radial field E r (r, z) = dEz(z,r) dz where (r, z) represents the cylindrical coordinates associated to the axially symmetric system. Fig. 2(b) displays the axial E z (r = 0, z) and radial E r (r = 100 µm, z) electric field as a function of the axial distance. Under a nominal cathode-anode spacing of 252 µm, the peak electric field on the cathode surface is |E z (0, 0)| 20 MV/m. When compared with a setup with a flat anode (i.e. without a center hole), the present cathode-anode geometry yields lower electric fields at the cathode. Another point of concern regards the radial field in the close vicinity of the cathode surface which corresponds to a radially-dependent axial electric field. Such a radial dependence could affect the field-emission uniformity across the cathode surface as shown in Fig. 4(a) . The latter figure indicates that the relative field variation across the cathode (r ∈ [0, 200] µm) is approximately ±1%. The corresponding current dependence on r appears in Fig. 4(b) and is negligible across the cathode surface.
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1.050 j(r)/j(0) (b) Fig. 4 . Radial dependence of (a) the axial electric field on the cathode surface normalized to its on-axis value and (b) corresponding current density j normalized to its on axis value j(r = 0). The dashed vertical lines indicate the outer radius of the cathode.
IV. BEAM-DYNAMICS SIMULATIONS
The beam dynamics in the DC gun was explored with the WARP program. The electrostatic field is first solved across the computational domain and then the emission of electrons is modeled using the same solver. The cathode located at z = 0 m is modeled as a field-emission source following the model described in Ref. [6] . To avoid modeling the specific nanostructure of the cathode, for sake of speed and memory demand, we introduce a field-enhancement factor β e ≡ E surf /E mac as the ratio of the macroscopic field E mac associated with the cathode-anode geometry with an enhanced surface field E surf owing to the emitting surface microscopic geometry. Fig. 5 shows field emission in the setup, while electrostatic lenses are applied. The result shows the possibility to both trigger field emission and focuses the beam while having difficulties from an anode with a hole to allow emitted electrons to escape to the beamline. As indicated in Fig. 2(b) the apertured anode does not only reduce the field amplitude on the cathode surface but also defocuses the beam owing to the transverse fields generated by the edge of the aperture. The focusing anode provides a focusing force to control the beam size before further transport through other focusing elements such as a solenoid or a set of quadrupole magnets. The geometries of two anodes illustrated in Fig. 5 provide a net focusing force which depends on the relative potential difference V f −V e . The latter figure shows the evolution of the (r, z) beam distribution (in the steadystate regime) for two cases of focusing-electrode voltages V f while maintaining the extraction anode potential at V e = 5 kV thereby exemplifying the effect of the focusing anode voltage.
To further explore the effect of the focusing electrode on the beam formation we present in Fig. 6 the evolution of the rms beam size recorded 6 mm downstream from the cathode along with the number of macroparticles recorded at the cathode surface and 2 mm away. For potential V f 24 kV the beam reaches a focus at z = 6 mm. Likewise, we note that the overall transmission (defined as the ratio of current recorded at z=2 mm to the current produced from the cathode) is in excess of 80%; see Fig. 6 (bottom) which gives confidence on the overall geometry of the system. However, we note that the current reaches its peak value at V f 18 kV corresponding to a collimated beam as seen in Fig. 6(top) . These peculiarities come from the interplay between the axial and radial components of the electric field as V f is varied. 
V. FIELD ENHANCEMENT STUDY
We now turn to explore the enhancement factor for silicon nanocone FE to be used in our experiment. The FEA consists of a two-dimensional array of nanocone FE tips diagrammed in Fig. 7(top) . The field-enhancement factor was investigated with WARP for various nanocone spacing and four bases; see Fig. 7 (bottom). For this investigation a small computational domain was used together with a multigrid mesh-refinements electrostatic solver; see detailed in Ref. [10] . As summarized in Fig. 7 , for a given nanocone height and tip curvature, the field-enhancement factor increases with the nanocone base angle. Likewise, field enhancement asymptotically converges to the single-tip value for large values of the spacing (a 1 ). Whereas as a 1 decreases the β e decreases owing to the shielding.
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VI. DIAGNOSTICS & CONTROLS
The experimental setup is controlled from a LINUX workstation. A picoammeter (KEITHLEY Model 6485) measures the current flowing between the cathode and ground. The picoammeter is interfaced through the workstation using a generalpurpose interface bus (GPIB) protocol interface. Likewise, the HV power supplies are also remotely controllable via GPIB. The various equipment is controlled via the PYVISA [11] a Python implementation of the Virtual Instrument Software Architecture (VISA) that enables the control of various instruments independently of the hardware interface (e.g. GPIB, RS232, USB, Ethernet). This configuration enables high-level scripts to perform automatic tasks (e.g. recording of the I−V curves).
In order to characterize the emitted-beam transverse density distribution, a Cerium-doped Lutetium-yttrium oxyorthosilicate, (LYSO:Ce) scintillator disk of 25-mm diameter and 0.5-mm thick with both sides polished (from Epic-Crystal) is employed. A 5-nm thick Nickel layer was deposited on the screen side facing the cathode. The thickness of the layer is selected such that it is less than the penetration depth of 5-keV electrons. The LYSO:Ce scintillator surface is imaged on a 2.3-mega-pixel CCD camera (model BLACKFLY U3-2356M by FLIR) thereby allowing for the distribution to be recorded. The image acquisition is performed with the AVARIS, a vision library for genicam-based cameras [12] . The images are further analyzed with the IMAGETOOL software [13] .
VII. CONCLUSIONS
A DC-gun design to investigate various field-emission cathodes was presented. The electrostatic lenses were optimized to maximize the number of field-emitted electrons while minimizing losses. The system is currently being assembled and will be commissioned in the near future.
